Long-distance procurement of cardiac allografts is commonly used to increase the supply of donor organs but has recently been associated with the development of impaired diastolic function. Therefore, the effect of the total ischemic duration on myocardial fibrosis was quantitatively evaluated in 36 cardiac transplant recipients in whom the ischemic time ranged from 70 to 363 (mean, 189±83) 
When stained with picrosirius red, collagen is readily identified with polarization microscopy as bright yellow-orange or green structures (Figure lA).13 To optimize the contrast in brightness between collagen and cardiac muscle, which is the other birefringent component of myocardium, specimens were stained with picrosirius red and illuminated with polarized light of varying wavelengths controlled by a monochrometer (Bausch and Lomb). In this way, collagen was found to become optimally distinct from muscle (brighter) when illuminated with light of 600-nm wavelength. Therefore, a 600±5-nm band-pass filter (Optikon, Waterloo, Canada) was used for all collagen determinations. The black-level setting of the camera was manually increased by 11% to eliminate any light response to cardiac muscle. Thus, the final digitized image consisted of two components: noncollagenous material appearing black (gray-level 0) and collagen appearing in various degrees of brightness (gray-levels 1-255) ( Figures 1B and 2A) . The total fibrous content could then be expressed as the area fraction of bright pixels.
To quantify the total area of myocardium being analyzed, we illuminated the picrosirius red-stained sections with nonpolarized light through a 540 +5 -nm band-pass filter (Optikon). In this way, the nontissue background, including artifactual gaps in the sample, were readily distinguishable from the remainder of the sample, again based on gray levels ( Figure 2B ). An identical intensity of illumination was used for all measurements.
Validation of collagen quantification by videodensitometry. Hydroxyproline analysis served as the standard of comparison for this study, although its value in the routine assessment of transplanted hearts is limited because it would require the destruction of at least one and possibly several biopsy samples. Fourteen autopsy hearts fixed in 10% neutral-buffered formalin were selected for study. Five were from patients with no clinical evidence of heart disease, and the others were from patients with a history of myocardial infarction (six patients) or dilated cardiomyopathy (three patients). Endomyocardial samples were excised from the interventricular septum and were divided perpendicular to the endocardial surface into two pieces. The endocardium itself was dissected free of the specimen to avoid the possibility of unequal division of endocardial collagen. One of the two portions was then embedded in paraffin, and the cut surface was sectioned at a 5 -,m thickness. All 14 specimens were simultaneously stained with picrosirius red, and the entire section was analyzed for collagen content by videodensitometry. The second portion of each sample was dried at 600 C to a constant weight, hydrolyzed in 6N hydrochloric acid at 105°C, and dried under vacuum. Hydroxyproline analysis was performed according to Chiariello et al. 15 Briefly, specimens were oxidized with a chloramine-T solution followed by addition of Erlich's reagent in perchloric acid. Absorbance was measured at 558 nm, and results were expressed as nanomoles of hydroxyproline per milligram of dry weight. The two quantification approaches were performed independently by investigators unaware of the results of the alternate approach.
Analysis of Biopsy Samples and of Hemodynamic Data From Transplanted Hearts
Right heart hemodynamics were measured with a Swan-Ganz thermodilution catheter 1 week after heart transplantation for the purpose of this and other ongoing studies. On the same occasion, multiple right ventricular endomyocardial biopsy samples were obtained with a Stanford-Caves bioptome. This set of biopsies was chosen for study because they were the initial biopsy specimens obtained from all patients, thereby eliminating the possibility of scarring from previous biopsy procedures and minimizing the likelihood of rejection-related fibrosis. Biopsy samples were immediately fixed in 10% neutral buffered formalin, embedded as a single paraffin block, and sectioned at a 5 -,m thickness. Following the routine procedure at this center, we had the slides stained with hematoxylin and eosin, methyl-green pyronine, and Masson's trichrome. A diagnosis of Figure 3 , there was good correlation between the hydroxyproline content and the collagen estimate by videodensitometry (r= 0.98, p<0.001).
Analysis of Biopsy Samples From Normal and Transplanted Hearts
From the seven normal autopsy hearts, a total of 23 biopsy samples were taken (3.3+0.5 biopsies/heart). The area of myocardium analyzed for each biopsy was 1.9+±0.7 mm2. The myocardial collagen content was 2.9+0.6%. From the 36 transplant recipients, biopsy samples were obtained 7.7±+1.6 (range, 5-10) days after surgery. One hundred fifteen biopsy specimens were evaluated (3.2±0.4 biopsy samples/ patient), and the average area of myocardium analyzed for each biopsy sample was 1.2+0.6 mm2. The mean collagen content was 4.7±1.9% (range, 1.5-9.9%) and was significantly greater than that of the control hearts (p=0.02). Increased collagen typically appeared as focal patches of fibrosis that were best visualized with polarization microscopy (Figure 4) .
Total allograft ischemic time was 0-120 minutes in 12 patients, 121-240 minutes in 14, and more than 240 in 10. The age of the hearts and the proportion of donors requiring inotropic support were not different between groups (Table 1) . Biopsy samples from hearts with the longest ischemic times (>240 minutes) had significantly more myocardial collagen than those in the other groups (p<0.05). Biopsy samples from hearts with an intermediate ischemic time (121-240 minutes) were more fibrotic than those from normal autopsy hearts (p<0.05). Regression analysis revealed a linear correlation between myocardial collagen content and ischemic time (r=0.60, p<0.001) ( Figure 5 ). There was no association between myocardial collagen content and the donor age (r= -0.41).
The mean right atrial pressure, pulmonary artery wedge pressure, and cardiac output were 9.0±5.0 mm Hg, 14.9±4.7 mm Hg, and 5.5± 1.0 1/min, respectively. Neither the pulmonary wedge pressure nor the cardiac output correlated with the collagen content (r=0.01, r=0.04, respectively). A trend was observed between the right atrial pressure and the collagen content, although this trend was not significant (r=0.18, p=0.07).
Myocyte necrosis was seen in biopsy samples from eight patients. The mean ischemic time for this group was 244±66 minutes, and the collagen content was 5.7±1.5%. Damaged myocytes characteristically revealed reduced or absent birefringence ( Figure 6 ). Bright contraction bands were readily apparent at the periphery of the necrotic regions (Figure 6 ), although they were also commonly seen in biopsy samples without myocytolysis. In one patient, a lymphocytic infiltrate with pyroninophilia was associated with the myocytolysis. This was the only patient in whom rejection was identified. 20 The present study is the first to quantify myocardial fibrosis in heart transplant recipients.
Technique of Collagen Quantification
Polarization microscopy with picrosirius red was first used by Constantine and Mowry21 to study dermal collagen. More recently, it was used to measure the molecular and fiber orientation of collagen in myocardial infarct scars22 and to characterize collagen fiber arrangement in experimentally hypertrophied and normal hearts23 and in human hearts with dilated cardiomyopathy. 24 We have found that the technique is ideally suited for collagen videodensitometry because it offers an approach based purely on intensity of brightness. Morphometry techniques based primarily on differences in color frequently suffer from imperfect segmentation of features and the need for image editing.25 For a given section thickness, the birefringence of collagen is approximately seven times that of muscle; therefore, the two are readily distinguishable with polarized light tech- although this would be difficult to determine for the above reasons. 1 other cardiac components, being nonbi-A potential limitation in interpreting data from are invisible when viewed with the polarendomyocardial biopsy samples is the degree to )scope.
which the samples reflect the morphological struc-.lidating the technique, we used it to assess ture of the remainder of the myocardium. In the n content of biopsy samples from normal present study, patients were included if at least arts, which was found to be approximately three satisfactory biopsy specimens were available Ls similar to the results of a morphometric for analysis, although it has been suggested that five Pearlman et a126 of five normal autopsy specimens provide a more reliable sampling of the it revealed a collagen volume fraction myocardium. By quantifying myocardial collagen in the initial biopsy samples of heart transplant recipients, we found that by 5-10 days the fibrous content was already slightly greater than normal. Furthermore, a relation existed between the collagen content and the total ischemic duration suggesting that the ischemic period is indeed an important etiology for allograft fibrosis and should be considered when scarring is identified in the weeks after surgery. Excess collagen was typically seen as fibrotic patches with abundant 
Functional Significance of Ischemia-Associated Fibrosis
The study did not reveal a relation between fibrosis and hemodynamics 5-10 days after transplantation. This lack of correlation may, in part, be due to the relatively mild degree of fibrosis seen at this time. In addition, measurement of diastolic pressures alone is likely too insensitive to reliably detect the functional effects of early myocardial fibrosis. Rather, indexes of the viscoelastic properties of the ventricle will more closely correlate with the degree of fibrosis. 19 In this regard, Hausdorf et a18 found increased myocardial stiffness in patients later than 1 year after surgery. Furthermore, they observed a correlation between ischemic time and the degree of both myocardial and chamber stiffness. The present study therefore supports the hypothesis that prolonged ischemic times, by predisposing to myocardial fibrosis, contributes to diastolic dysfunction in transplant recipients.
Elevated left ventricular end-diastolic pressure4,5,18 and atypical right atrial pressure responses to volume loading and inspiration367 have sporadically been observed. The inconsistency of such observations may relate to the presence or absence of hypertension4 or graft atherosclerosis36 but may also reflect variations in the procurement time and the degree of ischemic necrosis at the time of transplantation.
Conclusions
In summary, the technique of polarization microscopy of myocardium stained with picrosirius red has provided the basis for an accurate videodensitometric approach to the quantification of myocardial fibrosis in the transplant recipient. Also, a novel assessment of myocyte injury after ischemia can be made, based on the immediate loss of myocyte structural integrity.
With these approaches, we have shown that ischemiaassociated allograft fibrosis may be identified shortly after transplantation and that its severity is dependent on the procurement time. Because fibrosis may contribute to impaired diastolic function, this relation should be considered when evaluating donor heart acceptability.
